Abstract Combined anaerobic digestion of olive oil mill effluent (OME) with swine manure, was investigated. In batch experiments was shown that for anaerobic degradation of OME alone nitrogen addition was needed. A COD:N ratio in the range of 65:1 to 126:1 was necessary for the optimal degradation process. Furthermore, it was found that methane productions rates during digestion of either swine manure alone or OME alone were much lower than the rates achieved when OME and manure were digested together. Admixing OME with manure at a concentration of 5 to 10% OME resulted in the highest methane production rates. Using upflow anaerobic sludge blanket (UASB) reactors, it was shown that codigestion of OME with swine manure (up to 50% OME) was successful with a COD reduction up to 75%. The process was adapted for degradation of OME with stepwise increase of the OME load to the UASB reactor. The results showed that the high content of ammonia in swine manure, together with content of other nutrients, make it possible to degrade OME without addition of external alkalinity and without addition of external nitrogen source. Anaerobic treatment of OME in UASB reactors resulted in reduction of simple phenolic compounds such as mequinol, phenyl ethyl alcohol and ethyl methyl phenol. After anaerobic treatment the concentration of these compounds was reduced between 75 and 100%. However, the concentration of some degradation products such as methyl phenol and ethyl phenol were detected in significantly higher concentrations after treatment, indicating that the process has to be further optimised to achieve satisfactory removal of all xenobiotic compounds.
Introduction
Large amounts of wastewater from olive oil processing are produced; every year 1.4-1.8 million tons of olive oil are produced in the Mediterranean countries resulting in 30 million m 3 waste. The manufacturing process of olive oil produces an oily phase, a solid residue and an aqueous phase called oil mill effluent (OME). This phase consists of the water content of the fruit, plant tissues and the variable amounts of washing waters. The average volume of the OME ranges between 0.5 and 1.5 m 3 per ton of processed load. The processing results in 100-120 kg COD/ton of olives, equivalent to 45-55 kg BOD/tons olives. Assuming a milling season of 100 days, the polluting load of the olive mills located in Mediterranean countries is 2,800-3,600 tons/BOD/day. This is approximately 5-10 times higher organic load than the load of the total domestic sewage sludge in these countries, and in some regions is a hundred times higher (Boari et al., 1984; Boari and Mancini, 1990) .
Although OME has existed as a polluting source for thousands of years, its effect on the environment is more noticeable today because the public is much more aware of pollution problems now than in the past (Rozzi and Malpei, 1996) . Treatment of OME presents a major problem, which has not been solved today. Many different processes have been proposed to treat OME: lagooning or direct watering on fields, incineration, concentration by evaporation, ultra-filtration/reverse osmosis, combination technologies such as chemical and electro-chemical treatments, chemical and biochemical treatment.
Anaerobic treatment of OME has many advantages compared to aerobic treatment.
Anaerobic treatment of OME results in lower amount of sludge compared to aerobic treatment and at the same time results in production of energy in the form of biogas. The biogas can be used for heating and electricity production. Several investigators have studied anaerobic degradation of OME and obtained COD-reductions up to approximately 80%. However, especially at high concentrations of COD in OME, the process proved to be unstable due to the inhibitory effect of polyphenols in the waste, lack of ammonia and due to the low alkalinity of OME. In order to overcome these problems the OME has been diluted with water, and urea added as nitrogen supplement. Furthermore, the alkalinity has been often adjusted by NaHCO 3 , NaOH, or Ca(OH) 2 . However, dilution of OME with water results in unwanted large effluent volumes, and addition of chemicals is not economically and environmentally desirable. Codigestion is a waste treatment method where different types of wastes are treated together. The application of codigestion as an intelligent raw material management offers many advantages (Ahring et al., 1992) . The codigestion is expected to cost less than separate treatment systems, mainly due to the lower cost per volume treated. By dilution or concentration of the material to an appropriate dry matter content, for instance by mixing solid wastes with more diluted wastes such as liquid manure, a better handling and digestibility of the solid waste is achieved. Furthermore, dilution or counteraction of inhibitors such as ammonia or xenobiotic compounds is achieved and specific nutrients can be supplied from the additional waste.
It has previously been shown that codigestion with manure could be a cost effective method to treat OME without the need to add nitrogen source or add chemicals for increasing buffer capacity (Angelidaki and Ahring, 1997a,b) . However, it has never been tested which is the optimum amount of manure needed for successful digestion of OME. In the present work the effect of codigestion of OME with swine manure was examined in batch experiments. Furthermore, the use of the upflow anaerobic sludge blanket (UASB) reactor for codigestion of OME together with swine manure was studied, and the optimum amount for admixing manure to OME before deterioration of the degradation process was determined.
Materials and methods

Batch experiments
Batch experiments were performed in 117 ml serum vials, with 40 ml liquid volume. As inoculum 10 ml of granules from a papermill wastewater plant were used. The experiments were performed in triplicate and results were evaluated by comparing the rate of methane production in the headspace of the vials. Three series of batch experiments were performed. OME:manure:water mixtures. This batch experiment was used to evaluate the potential degradation efficiency and inhibition for the mixtures of OME, swine manure (SM) and water at different mixed ratios. SM was diluted with water at ratios in the range SM:H 2 O from 0:100 to 100:0. To these SM stock solutions, OME was added at concentrations ranging from 0 to 25% (w/w). Methane development in the headspace of the vials was followed.
Effects of buffers on OME degradation. The purpose of this test was to study the effects of different buffers on OME degradation. OME was mixed a) with synthetic medium (Angelidaki et al., 1990) including NaHCO 3 and K 2 HPO 4 as buffers; b) as in a) but without NaHCO 3 ; c) as in a) but without K 2 HPO 4 ; d) with water.
Effects of COD:
N ratio on OME degradation. The purpose with this batch test was to reveal the effects of different concentrations of NH 4 + on OME degradation.
UASB reactor experiments
A UASB reactor with a working volume of 2 l was used for the experiment (Figure 1) . The reactor was inoculated with 200 ml of granular sludge from a full-UASB reactor treating wastewater from a paper mill. The wastewater was pumped to the bottom of the reactor with a peristaltic pump with a wastewater, recirculation ratio of 1:4. The reactors were started at a hydraulic retention time (HRT) of approximately 48 hr. Flow rate, gas production, gas composition and volatile fatty acids (VFA) concentrations were monitored periodically. VFA monitoring was used as parameter to determine the stability of the process.
Analytical methods
Volatile solids, total solids and COD, were determined using Standard Methods (APHA- AWWA-WPCF, 1975) . Total nitrogen and dissolved nitrogen were determined using the Kjeldahl-N method (steam distillation) (APHA-AWWA-WPCF, 1975). Phenols were measured by gas chromatographic analysis. The solvent contained 85% diethylether and 15% pentane. Two internal standards were added to the solvent in order to determine the loss of solvent during extraction. During the extraction, temperature was 20°C. Methane content in gas and VFA was measured as previously described (Angelidaki et al., 1990) .
Result and disussion
Waste characterisation
The composition of swine manure and OME is shown in Table 1 . Swine manure has a relatively high content of ammonia, while OME has a very low content of ammonia. Manure possesses a high alkalinity, while the alkalinity of OME is low. OME had a high content of lipids in contrast to swine manure. In addition, the pH of OME was low, lower than the pH allowing growth for methanogens (approximately 6.0). The characterisation of the wastes indicates that codigestion of OME with swine manure is a good solution.
Batch experiments
From the batch experiments it was shown that digestion of OME or swine manure alone was inhibitory for the anaerobic degradation. However, mixing the different wastes neutralized the negative effects of the two wastes. It was shown that codigestion of OME and manure gave the highest CH 4 production rates (Figure 2) . The low production rate with SM alone can probably be attributed to high ammonium concentration. It has previously been I. Angelidaki et al.
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Figure 1 UASB reactors used in the experiments of codigestion of OME with swine manure. 1) UASB reactor; 2) pump; 3) influent bottle; 4) effluent bottle; 5) recycling bottle 6) gas bag with N 2
shown that SM alone is inhibitory for the biogas process primarily due to high ammonia levels (Hansen et al., 1999) . The inhibition of the degradation of OME alone could be due to low content of nitrogen and high concentration of aromatic compounds as previously shown (Angelidaki and Ahring, 1997 a,b) . In general, 5% OME addition resulted in increased methane production rates. However, when the SM addition was high (SM:H 2 O 75:25) 10% OME addition resulted in the highest methane production rates (Figure 2) . By comparing the rate of methane production from vials with different buffers added, it could be concluded that the addition of buffers had no significant effect on the degradation of OME. When the synthetic medium including NaHCO 3 and K 2 HPO 4 was used the methane production rates were 0.47 (0.02) ml-CH 4 /day/ml granula (gas volumes are at standard volume pressure conditions) while when NaHCO 3 or K 2 HPO 4 were absent the methane production was reduced to 0.45 (0.04) and 0.44 (0.07) ml-CH 4 /day/ml granula, respectively (numbers in parentheses give the standard deviations of the triplicates). When water was used instead of mineral medium a specific methane rate of 0.46 ml-CH 4 /day/ml (0.01) was observed. The results indicate that there was sufficient alkalinity in the OME in the concentration used to inhibit anaerobic degradation.
I. Angelidaki et al. 216 Figure 2 Relative methane production rates from different swine manure OME water mixtures. 100% is set as the maximum observed methane production rate. The maximum rate was observed for addition of 10% OME and SM:H2O It was found that the COD:N ratio was far more important for a successful degradation of OME. Methane production rates were higher when the COD:N ratio was between 61:1 and 42:1 (Table 2 ). The found COD:N ratio was lower than the range of 170:1 to 70:1 suggested by some researchers as the optimum COD:N ratio (Boari et al., 1984; Tsonis and Grigoropoulos, 1993; Ubay and Ozturk, 1997) . However, other researchers have shown that good granulation and degradation of carbon source can be achieved if the ratio COD:N in wastewater is approximately 50:1 (Bhatti et al. 1993; Goodwin et al., 1990 ). This value is in accordance with our findings. The COD:NH 4 + ratio for highest methane production rate was in the range of 126:1 to 65:1. When the COD:N was further decreased the process is inhibited due to high ammonia concentrations.
UASB experiments
The UASB reactor was fed with different dilutions of OME in SM. At the beginning of the experiment high dilutions of OME in SM were applied. When the process was stable the dilutions were stepwise decreased (higher part of OME was added, while keeping the hydraulic retention constant). The organic loading rate (OLR) applied to the reactors was stepwise increased and was from 10 to 70 g-COD/l/day. Low VFA concentration and a COD reduction of approximately 70% were used as criteria for stability. The reactor was started on an OME diluted 1:29 with swine manure (Figure 3 ). After an adaptation period of approximately one week the COD reduction reached values up to 65-85% and the dilution of the OME was decreased to 1:14 (day 12) (Figure 3 ). The COD reduction was at the same level after decreasing the dilution up to 1:3. During the period where OME was diluted 1:3 a small decrease in the COD reduction was observed. However, after introduction of OME diluted 1:2 the COD reduction increased again (Figure 3) . The COD reductions seen here were similar to the reductions seen by other researchers (Marques et al., 1997) .
The pH in the reactor was constant during the whole experiment, approximately 7.5. The VFA concentration in the effluent of the reactor was low (less than 2 mM) during the period where OME was introduced in a dilution of 1:3. During this period the total VFA concentration increased to approximately 70 mM but decreased again at the end of the period to approximately 10 mM. The total VFA did not change significantly when OME in a dilution of 1:2 was fed to the UASB reactor. It should be mentioned that although the reactor was very heavily loaded with OLR up to 70 g-COD/l/day, the process could be maintained stable with a good COD removal efficiency.
The production of biogas increased with decreasing dilution of the OME. The biogas composition did not change significantly during the experiment showing a methane content of 65% and a CO 2 content of approximately 35%
Reduction of xenobiotic compounds OME contained tannins, polyphenolic compounds and addition to more simple phenolic compounds such as mequinol, phenol ethyl alcohol, methoxy phenol and ethyl methyl phenol. After anaerobic treatment the concentration of these compounds was reduced between 75 and 100%. However, the concentration of degradation products such as methyl I. Angelidaki et al. phenol and ethyl phenol were detected in significantly higher concentration after treatment, indication that the process has to be further optimised to have a satisfactory removal of all xenobiotic compounds.
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Conclusion
For anaerobic treatment of OME the addition of nitrogen source is very important. A COD:N ratio in the range of 61:1 and 42:1 resulted in the highest methane production rates. Addition of different buffers did not result in any significant difference in the methane production rates. OME could be successfully treated and degraded in co-digestion with swine manure in a UASB reactor with a COD reduction up to 65%. The results indicated that it is possible to treat OME without high dilution, and without extra alkalinity and nitrogen in the form of e.g. urea. This makes co-digestion of OME and swine manure in UASB reactor a potential and economical feasible solution in treatment of such waste. Figure 3 COD reduction (N) and organic loading rate (I) in the UASB reactor as a function of different dilutions of the OME, swine manure and water
